Transient receptor potential melastatin 8 (TRPM8) is the best molecular candidate for innocuous cold detection by peripheral thermoreceptor terminals. To dissect out the contribution of this cold-and menthol-gated, nonselective cation channel to cold transduction, we identified BCTC [N-(4-tert-butylphenyl)-4-(3-chloropyridin-2-yl)piperazine-1-carboxamide] as a potent and full blocker of recombinant TRPM8 channels. In cold-sensitive trigeminal ganglion neurons of mice and guinea pig, responses to menthol were abolished by BCTC. In contrast, the effect of BCTC on cold-evoked responses was variable but showed a good correlation with the presence or lack of menthol sensitivity in the same neuron, suggesting a specific blocking action of BCTC on TRPM8 channels. The biophysical properties of native cold-gated currents (I cold ), and the currents blocked by BCTC were nearly identical, consistent with a role of this channel in cold sensing at the soma. The temperature activation threshold of native TRPM8 channels was significantly warmer than those reported in previous expression studies. The effect of BCTC on native I cold was characterized by a dose-dependent shift in the temperature threshold of activation.
Introduction
The activation by low temperatures of specific receptors located on the surface of the body gives rise to a rich spectrum of sensations that range from pleasantly cool to outright painful (Yarnitsky and Ochoa, 1991; Chen et al., 1996; Craig et al., 2000; Acosta et al., 2001) . The transduction of temperature stimuli into propagated nerve impulses occurs in free endings of thin sensory axons (Hensel and Zotterman, 1951; Hensel, 1981; Heppelmann et al., 1990) . At normal skin temperatures, innocuous cold thermoreceptors exhibit spontaneous, periodic activity that is augmented by cooling and silenced by warming (Hensel and Zotterman, 1951; Brock et al., 2001) . In contrast, cold nociceptors are quiescent at rest firing only in response to low temperatures (LaMotte and Thalhammer, 1982; Simone and Kajander, 1997) .
The recent identification of several ion channels with marked sensitivity to cooling provides a molecular framework to understand the transduction mechanisms for cold temperatures by sensory endings (for review, see Jordt et al., 2003; Reid, 2005) . So far, transient receptor potential melastatin 8 (TRPM8), a nonselective cation channel of the transient receptor potential superfamily (McKemy et al., 2002; Peier et al., 2002) , is the best molecular candidate to explain the transduction of moderate cold. Recombinant TRPM8 channels are activated by low temperatures (threshold of ϳ25°C) and by exposure to cooling compounds such as menthol. These channels are expressed selectively in a subpopulation of cold-sensitive (CS) primary sensory neurons (McKemy et al., 2002; Peier et al., 2002) with specific electrophysiological properties (Reid et al., 2002; Viana et al., 2002) . In these neurons, cooling opens a cation current (I cold ) with properties consistent with those of TRPM8-dependent currents in transfected cells (Okazawa et al., 2002; Reid et al., 2002) Nonetheless, a significant percentage of CS neurons in culture are insensitive to menthol and lack TRPM8 transcripts (Nealen et al., 2003; Babes et al., 2004) . Moreover, other studies have revealed that menthol-insensitive channels also contribute to I cold Viana et al., 2002) . Additional evidence for TRPM8-independent cold transduction mechanisms has been reported in damaged sensory endings (Cabanes et al., 2003; Roza et al., 2006) . Thus, despite significant advances in our understanding of cold thermotransduction (Brauchi et al., 2004; Voets et al., 2004; McKemy, 2005; Reid, 2005) , the role of TRPM8 channels in defining the sensory modality, temperature activation threshold, and spontaneous discharge of native cold receptors is not well established. Recently, the compound BCTC [N-(4-tert-butylphenyl)-4-(3-chloropyridin-2-yl)piperazine-1-carboxamide] has been identified as a blocker of menthol-evoked responses in TRPM8 channels (Behrendt et al., 2004; Weil et al., 2005) . Here we show that BCTC is also a potent and rather selective blocker of coldactivated responses in TRPM8 channels. Thereafter, we used BCTC to explore the contribution of TRPM8 to cold-evoked electrical activity in the soma and peripheral nerve terminals of trigeminal ganglion (TG) neurons. Peripheral studies were performed in the cornea, a tissue with a dense innervation of cold thermoreceptors (Gallar et al., 1993; Carr et al., 2003) . We conclude that, in the soma of the large majority of cultured trigeminal neurons, activation of TRPM8 channels is the major player in establishing cold-evoked responses. In contrast, TRPM8 channels mediate only the response to menthol of peripheral cold thermoreceptors but not their ongoing activity or the increased impulse discharges evoked by cooling, indicating that thermal sensitivity of innocuous cold thermoreceptors is determined by additional ionic mechanisms.
Materials and Methods
Rat TRPM8 cDNA (a gift from Dr. David Julius, University of California, San Francisco, CA) was subcloned in the bicistronic vector pcINeo/internal ribosomal entry site-green fluorescent protein (GFP), as described previously, and used for transient transfection in HEK293 cells (de la Pena et al., 2005) . Mouse ankyrin-repeat TRP subtype 1 (TRPA1) in pCDNA5 (a gift from Dr. Ardem Patapoutian, Scripps Research Institute, La Jolla, CA) was cotransfected with pGreen Lantern-1 GFP (Invitrogen, Carlsbad, CA)at a 1:1 ratio. Transfected cells were identified by their green fluorescence emission during excitation with 470 nm light.
Culture of HEK293 cells and trigeminal ganglion neurons. HEK293 cells were obtained from The European Collection of Cell Cultures (Salisbury, UK). Cells were cultured in DMEM containing 10% of fetal bovine serum and plated on 2 cm 2 wells at 400,000 cells per well and grown for 18 -48 h before transfection. Cells were transiently transfected with plasmid DNA using Lipofectamine 2000 (Invitrogen): 2 g of DNA and 3 l of Lipofectamine per well. At 0 -24 h after transfection, cells were trypsinized and replated on laminin-coated round coverslips (6 mm diameter) at 30,000 cells per coverslip. At 24 -48 h after transfection, GFPpositive (GFP ϩ )cells were selected for intracellular calcium measurements and electrophysiological recordings.
Trigeminal ganglion neurons from neonatal mice were cultured as described previously (Viana et al., 2001) . In brief, trigeminal ganglia were isolated from anesthetized newborn Swiss OF1 mice [postnatal days 1 (P1) to P5], incubated with 1 mg/ml collagenase type IA (Sigma, St. Louis, MO) for 45 min at 37°C in 5% CO 2 , and cultured in medium: 45% DMEM, 45% F-12, and 10% fetal bovine serum (Invitrogen), supplemented with 4 mM L-glutamine (Invitrogen), 200 g/ml streptomycin, 125 g/ml penicillin, 17 mM glucose, and nerve growth factor (NGF) (mouse 7S, 100 ng/ml; Sigma). Cells were plated on poly-L-lysine-coated glass coverslips and used after 1-3 d in culture.
To culture trigeminal ganglion neurons from young adult mice (P25-P28) and neonatal (P5-P10) guinea pigs (Hartley strain), the protocol was similar to the one used for neonatal mice except in the following details. Before dissection, mice were anesthetized with 100% CO 2 and guinea pigs with sodium pentobarbital (90 mg/kg) intraperitoneally, followed by rapid decapitation. After removal, ganglia were incubated in a mixture of collagenase type XI (0.66 mg/ml) and dispase (3 mg/ml) for 1 h. After mechanical dissociation, cells were cultured in media containing 89% MEM and 10% fetal bovine serum (Invitrogen), supplemented with 1% MEM vitamins (Invitrogen), 100 g/ml penicillin/streptomycin, and NGF.
Trigeminal ganglion neurons and HEK293 electrophysiology. Cellattached and whole-cell voltage/or current recordings were performed simultaneously with temperature recordings. The standard bath solution contained the following (in mM): 140 NaCl, 3 KCl, 1.3 MgCl 2 , 2.4 CaCl 2 , 10 HEPES, and 10 glucose, pH 7.4 adjusted with NaOH (297 mOsm/kg). Standard patch pipettes (3-5 M⍀ for HEK293 cells; 5-8 M⍀ for wholecell recordings in neurons; 10 -12 M⍀ for cell-attach recordings) were fabricated from borosilicate glass capillaries (Harvard Apparatus, Edenbridge, Kent, UK) and contained the following (in mM): for TG neurons, 140 KCl, 6 NaCl, 1 EGTA, 0.6 MgCl 2 , 1 NaATP, 0.1 Na-GTP, and 10 HEPES, pH 7.4 adjusted with KOH (282 mOsm/kg); and for HEK293 cells, 140 CsCl, 0.6 MgCl 2 , 1 EGTA, and 10 HEPES, pH 7.4, adjusted with CsOH (276 mOsm/kg).
To measure the reversal potential of the cold-sensitive current (I cold ) in sensory neurons, the bath solution contained the following (in mM): 140 NaCl, 3 KCl, 1.3 MgCl 2 , 0.1 CaCl 2 , 10 HEPES, 10 glucose, and 0.5 ϫ 10 Ϫ3 TTX, pH 7.4 adjusted with NaOH. The pipette solution contained the following (in mM): 140 CsCl, 0.6 MgCl 2 , 1 EGTA, 10 HEPES, 1 ATPNa 2 , and 0.1 GTPNa, pH 7.4 adjusted with CsOH. These modifications were necessary to minimize large voltage-dependent currents.
Current and voltage signals were recorded with an Axopatch 200B or a Multiclamp patch-clamp amplifier (Molecular Devices, Sunnyvale, CA). Stimulus delivery and data acquisition were performed using pClamp 9 software (Molecular Devices). Analysis was performed with pClamp 9 and WinASCD software (Guy Droogmans, Katholieke Universiteit Leuven, Leuven, Belgium).
Temperature stimulation. Coverslips with cultured cells were placed in a microchamber and continuously perfused (ϳ0.8 ml/min) with solutions warmed at 34 Ϯ 1°C. The temperature was adjusted with a watercooled RDTC-1 Peltier device (ReidDan Electronics) placed directly on the cell field and controlled by a feedback device . Cold sensitivity was investigated with a 50 s temperature drop to 18 Ϯ 1°C. Temperature decreased and recovered in a quasi-exponential manner with a time constant of ϳ8 s.
Fluorescence Ca 2ϩ imaging. Neurons were incubated with 5 M fura-2 AM dissolved in standard extracellular solution and 0.02% pluronic (both from Invitrogen) for 40 min at 37°C in darkness. Fluorescence measurements were made with a Leica (Nussloch, Germany) DM IRE2 inverted microscope fitted with a 12-bit cooled CCD camera (Imago QE Sensicam; T.I.L.L. Photonics, Graefelfing, Germany). Fura-2 was excited at 340 and 380 nm with a Polychrome IV monochromator (T.I.L.L. Photonics), and the emitted fluorescence was filtered with a 510 nm long-pass filter. Calibrated ratios (0.5 Hz) were displayed on-line with T.I.L.L. Vision software version 4.01 (T.I.L.L. Photonics). Bath temperature was sampled simultaneously (see below), and threshold temperature values for [Ca 2ϩ ] i elevation were estimated by linearly interpolating the temperature at the midpoint between the last baseline point and the first point at which a rise in [Ca 2ϩ ] i deviated by at least four times the SD of the baseline Cold nerve terminals electrophysiology. The action of BCTC on coldand menthol-evoked nerve impulse activity was tested on single nerve terminals of cold thermoreceptors innervating the cornea of the eye in an in vitro preparation adapted following Brock et al. (1998) . A total of 32 terminals were recorded from the surface of the cornea, five of which were used for the menthol dose-response study, 17 for BCTC experiments, and 10 for investigating SKF96365 effects. Male Dunkin Hartley guinea pigs (Harlan, Borchen, Germany) weighing 250 -400 g were anesthetized with sodium pentobarbitone (20 mg/kg; Dolethal) and killed by decapitation. Corneas were cut at the limbus and pinned to the Sylgardcoated (Dow Corning, Midland, MI) base of a recording chamber, which was superfused continuously with physiological solution of the following composition (in mM): 133.4 NaCl, 1.3 NaH 2 PO 4 , 16.3 NaHCO 3 , 4.7 KCl, 2 CaCl 2 , 1.2 MgCl 2 , and 9.8 glucose. This solution was gassed with carbogen (95% O 2 , 5% CO 2 ) to pH 7.4 and maintained at 34 -36°C.
Glass micropipette electrodes (tip diameter of ϳ20 m), filled with the physiological solution and applied to the cornea with light suction, were used to record nerve terminal impulses (NTIs). Electrical signals were recorded with respect to an Ag/AgCl pellet placed in the chamber. The electrical activity was recorded through an alternate current amplifier (gain 2000ϫ, highpass filter 0.1 Hz; Neurolog NL103; Digitimer, Welwyn Garden City, UK). Data were captured and analyzed using a CED 1401 interface coupled to a computer running Spike 2 software (Cambridge Electronics Design, Cambridge, UK). Only NTIs originating from single cold-sensitive receptors were recorded, identifiable by their relatively high level of spontaneous discharge (in this study, 4 -15 Hz), sometimes in a bursting pattern, which was increased by cooling and decreased by warming of the superfusion solution (Brock et al., 1998 (Brock et al., , 2001 .
Spontaneous NTI activity at 34 -36°C was recorded for at least 1 min before cooling the cornea to 22-25°C by perfusing it with cold solution during 30 s, followed by rewarming to the baseline temperature of 34 -36°C. Basal mean spontaneous activity (in hertz) was calculated during the 20 s before cooling. Temperature response threshold was taken as the temperature at which firing frequency increased to a value higher than 2 SDs above the mean basal spontaneous activity, and maximum response was defined as the highest firing frequency reached during cooling.
After two stable, consecutive cooling-rewarming cycles (defined by Ͻ10% variation in spontaneous activity, threshold, and maximum response between trials), 10 M BCTC was added to the bath solution and allowed to perfuse for 3 min; then, a new cooling-rewarming cycle was applied. The process was repeated in the presence of BCTC and menthol, 10 and 100 M, respectively, and finally, with 100 M menthol alone. The dose-response curve of menthol effects on background activity was obtained in five additional corneas that were not exposed to BCTC.
Animal experiments were approved by the local veterinarian authority and were in accordance with the European Union legislation on the use of experimental animals.
Data analysis. To compare the effects of BCTC on cold-or mentholevoked currents in individual cells, data were normalized to percentage of control using the following equation: Relative block (%) ϭ (({Response} control Ϫ {Response} blocker )/{Response} control ) ϫ 100. Smooth curves shown in the dose-response relationships are fits to the Hill equation: Relative block (RB) (%) ϭ RB min ϩ (RB max Ϫ RB min )/ [1 ϩ (X/EC 50 )) N ], where EC 50 is the concentration of half-maximal blockage, X is the blocker concentration, and N is the Hill coefficient.
Unless noted, all dose-response curves of current block were measured at ϩ80 mV. For estimates of BCTC block during cooling, leak currents were measured at 35°C, thus minimizing TRPM8 activation, and temperature-corrected by a factor Q ⌬T according to the following expression: Q ⌬T ϭ (Q 10 ) ϫ exp(⌬T/10), where ⌬T is the difference between the baseline temperature (35°C) and the temperature of the cold stimulus. The value of Q 10 was fixed at 1.5, a reasonable value for "coldinsensitive" (CI) channels (Hille, 2001 2؉ ] i responses to cold and menthol in TRPM8-transfected HEK293 cells BCTC is a novel blocking agent of transient receptor potential vanilloid receptor 1 (TRPV1) channels (Valenzano et al., 2003) and of mouse and human TRPM8 channels activated by menthol (Behrendt et al., 2004; Weil et al., 2005) . Using fura-2 calcium imaging in rat TRPM8-transfected HEK293 cells, we confirmed the blocking effects of BCTC on menthol-evoked responses. As shown in Figure 1 A, BCTC produced a reversible suppression of [Ca 2ϩ ] i elevations to menthol application. In nontransfected cells, menthol had no effect on [Ca 2ϩ ] i levels. At 3 M BCTC, the inhibition was complete, with an EC 50 value of 647 nM (Fig. 1 D) . Next, we tested the effects of BCTC on cold-evoked calcium signals in TRPM8-transfected HEK293 cells. As was the case for menthol responses, BCTC produced a dose-dependent and reversible inhibition of [Ca 2ϩ ] i elevations evoked by cooling down to ϳ18°C from a baseline temperature of 35°C (Fig. 1 E) . Inhibition was also complete at 3 M with an EC 50 of 685 nM (Fig. 1 H) .
Results

BCTC blocks [Ca
BCTC blocks currents evoked by menthol and cold in TRPM8-transfected HEK293 cells
The blockade of TRPM8 channels by BCTC was verified directly, testing its effect on menthol-evoked whole-cell currents (I menthol). Current development was monitored with periodic injections of voltage ramps from Ϫ100 to ϩ100 mV. Application of 100 M menthol at 33-34°C activated a current characterized by a reversal potential near 0 mV (Ϫ3.5 Ϯ 0.7 mV; n ϭ 21) and strong outward rectification (I ϩ80 mV /I Ϫ80 mV of 110 Ϯ 32; n ϭ 21) (Fig. 1C) . As shown in Figure 1 , B and C, 3 M BCTC produced a complete inhibition of menthol-gated TRPM8 currents that recovered to a large extent during wash. The time constant of current inhibition by 3 M BCTC was 6.7 Ϯ 1.1 s (n ϭ 4). The full dose-response curve of BCTC blockade of I menthol is shown in Figure 1 D, with an estimated EC 50 of 475 nM.
The actions of BCTC on cold-evoked currents (I cold ) were also tested in whole-cell recordings of TRPM8-transfected HEK293 cells, using identical protocols. From a baseline temperature of 33-35°C, cooling to ϳ18°C activated a current ( Fig. 1G ) with similar outward rectification (I ϩ80 mV /I Ϫ80 mV of 103 Ϯ 27; n ϭ 23) and reversal potential of Ϫ1.5 Ϯ 0.9 mV (n ϭ 24) as after applying menthol. BCTC produced a dose-dependent reduction in the current that reversed rapidly during wash (Fig. 1 F, G) . At 3 M, the inhibition was complete and the time constant of inhibition was 11.0 Ϯ 1.6 s (n ϭ 8). A full dose-response curve of BCTC effects on cold-evoked currents is shown in Figure 1 H. In this case, the estimated EC 50 was 621 nM, similar to the values obtained for I menthol . The inhibition of I menthol and I cold by BCTC appeared to be voltage dependent: inward currents were fully blocked at negative potentials by submaximal concentrations of BCTC, but a fraction of current remained at more positive potentials (Fig. 1G) . The voltage dependence of block was quantified, comparing the block produced by 1 M BCTC at ϩ40 and ϩ100 mV. In the case of I menthol , mean percentage of block was 88.5 Ϯ 4.5 and 64.5 Ϯ 5.7% at ϩ40 and ϩ100 mV, respectively ( p ϭ 0.01; n ϭ 5). For I cold , the values of block produced by 1 M BCTC were similar to those of I menthol (82.4 Ϯ 3.8 and 64.3 Ϯ 5.4%) and also significantly different at both potentials ( p ϭ 0.04; n ϭ 4).
We also tested the effects of several other known blockers of TRP channels, such as clotrimazole, phenanthroline, and SKF96365 (Nilius et al., 2001; Hill et al., 2004) , and nickel, a blocker of voltage-gated calcium channels. With the exception of nickel, which at concentrations as high as 10 mM was almost inactive against cold-evoked currents, the rest of the compounds also exhibited strong inhibitory effects on TRPM8 channels (R. Madrid, V. Meseguer, and F. Viana, unpublished observations). BCTC and SKF96365 were the two most potent compounds tested and were subsequently used to dissect the functional activity of native TRPM8 channels in cold-sensitive neurons and corneal thermoreceptor terminals.
Identification and properties of cold-sensitive trigeminal ganglion neurons
Calcium imaging techniques were used for a fast and reliable identification of the subpopulation of CS mouse trigeminal ganglion neurons (McKemy et al., 2002; Viana et al., 2002) . During rapid reductions in bath temperature from a baseline temperature of 33-35°C to ϳ18°C, a small fraction (ϳ10%) of neurons responded with an elevation in their [Ca 2ϩ ] i . The average increase in [Ca 2ϩ ] i produced by cooling was 205 Ϯ 20 nM (n ϭ 88). As reported previously, CS trigeminal neurons had a small round-or ovoid-shaped soma (average diameter of 15.7 Ϯ 0.3 m; n ϭ 88) and a mean whole-cell capacitance of 10.3 Ϯ 0.4 pF (n ϭ 42). CS neurons had variable temperature thresholds ranging from 35.2 to 21.1°C (n ϭ 88). Nearly all CS neurons identified in calcium imaging screens were also activated by menthol (94.9% of all neonatal CS tested; n ϭ 59). Furthermore, in CS neurons, we observed the development of robust inward currents during brief applications of menthol (see below), strongly suggesting a contribution of TRPM8 channels to their depolarizing response during cooling. The membrane properties of these neonatal CS trigeminal neurons are summarized in Table 1 .
BCTC markedly reduced cold and menthol [Ca 2؉ ] i responses in a large fraction of cultured cold-sensitive trigeminal ganglion neurons
At a concentration of 3 M, BCTC produced a complete suppression of the [Ca 2ϩ ] i rise evoked by application of 100 M menthol in neonatal CS trigeminal neurons (Fig. 2 A, B) . On its own, BCTC did not modify resting [Ca 2ϩ ] i levels in CS or CI neurons. The inhibition by BCTC was fully reversible in all neurons tested (n ϭ 12) (Fig. 2 B, C) . This effect of BCTC on menthol-evoked 
V rest , Resting membrane potential; R in , input resistance; IR index , inward rectification index (percentage), measured as ͓((V m peak Ϫ V m steady-state )/V m peak ) ϫ 100͔ during hyperpolarizing voltage responses induced by Ϫ100 pA (250 ms) current pulses under current clamp from I hold of 0 pA; I rheobase , rheobase current; I-evoked firing frequency was calculated from the number of AP evoked by a 1 s depolarizing current ramp of 500 pA, in a time interval of 250 ms from the first spike evoked. AP amplitude was measured from base to pick of the first spike during the depolarizing ramp. AP duration was measured at half-amplitude. t test, Two-tailed Student's t test.
responses in the soma of trigeminal sensory neurons is entirely consistent with the actions on expressed TRPM8 channels described above. In contrast, the effects of the drug on cold-evoked responses varied from neuron to neuron, from full suppression to no effect. This variability is illustrated in Figure 2 D , which shows the effect of 3 M BCTC on [Ca 2ϩ ] i responses to cooling in three CS trigeminal neurons recorded simultaneously. In the neuron with the largest initial [Ca 2ϩ ] i response (blue trace), BCTC produced a complete suppression of the [Ca 2ϩ ] i rise. In the neuron with the smallest initial response (green trace), the inhibition was incomplete, and, in the third cell (red trace), the effect of BCTC was negligible. As shown also in Figure 2 D, the effects of BCTC were fully reversible after only a few minutes wash. In 52% of the neurons with a response to cooling (n ϭ 88), the [Ca 2ϩ ] i rise was fully blocked, in 40% the inhibition was partial, and in seven cells (8%) BCTC had no blocking action. Interestingly, all coldsensitive but BCTC-insensitive TG neurons tested were also menthol unresponsive (n ϭ 3) (note the red trace in Fig. 2 D) . In contrast, all BCTC-sensitive neurons tested were also activated by menthol (n ϭ 56). These results strongly support the view that BCTC is acting preferentially on TRPM8 channels. The effects of BCTC on cold-evoked responses were dose dependent and are summarized in Figure 2 E for the entire population of neonatal CS neurons.
In adult mouse CS trigeminal neurons, the effects of BCTC were very similar to those found in neonates. As shown in supplemental Figure 1 (available at www.jneurosci.org as supplemental material), BCTC also produced a powerful, fully reversible, inhibition of cold-and menthol-evoked [Ca 2ϩ ] i responses. Of 19 CS neurons tested (all were activated by 100 M menthol), 3 M BCTC fully suppressed menthol-evoked responses in 15 of them (79%). In contrast, cold-evoked responses were fully blocked in nine neurons (47%), whereas in the remaining 10 cells the inhibition was only partial, decreasing from 153 Ϯ 19 nM in control solution to 86 Ϯ 9 nM in 3 M BCTC ( p Ͻ 0.001).
BCTC shifted the temperature threshold of cold-sensitive trigeminal ganglion neurons
To pinpoint the role of TRPM8 channels in CS trigeminal neurons during cold sensing, we performed simultaneous recordings of [Ca 2ϩ ] i signals and electrical activity from their soma (Fig. 3A ) using the cell-attached mode of the patch-clamp technique, a recording configuration that preserves the intracellular milieu of the cell, thus minimizing alterations in modulatory factors. With the use of subsaturating doses of BCTC, we were able to reduce the functional density of active TRPM8 channels in the cell membrane and asked how this reduction affected the threshold temperature for excitation.
As shown in Figure 3B , cooling evoked a [Ca 2ϩ ] i response in parallel with the onset of action potential (AP) firing. In the presence of 1 M BCTC, the reduction in the amplitude of the [Ca 2ϩ ] i signal correlated with reduced impulse firing and was accompanied by a shift in threshold to lower temperatures: in this particular neuron, the firing threshold shifted from 33.7°C in control conditions to 28.4°C in the presence of 1 M BCTC. In 3 M BCTC, the cell fired a single action potential at 20.2°C and the [Ca 2ϩ ] i elevation was completely abolished. The effects of BCTC on cold-evoked firing and [Ca 2ϩ ] i signals were reverted during wash. As summarized in Figure 3C , in neurons recorded in control solution (filled circles), there was a tight correspondence between temperature threshold for firing of action potentials and for [Ca 2ϩ ] i elevations in each individual cell. The correlation between both thresholds had a slope of 0.98 and an r value of 0.99 (n ϭ 11). When repeating this experiment after applying 1 M (triangles) or 3 M (stars) BCTC, this tight correlation was maintained ( Fig. 3C) , and the absolute difference in threshold between [Ca 2ϩ ] i signals and AP firing was only 0.1 Ϯ 0.14°C. This result indicates that the onset of [Ca 2ϩ ] i signals can be used as a reliable marker of electrical activity and of the effects of BCTC on temperature threshold in individual CS neurons. Figure 4 A summarizes the effects of applying 1-3 M BCTC on cold-evoked activity in the 88 neonatal CS neurons analyzed (see above). In the graph, individual neurons have been plotted according to their initial temperature threshold (black circles). In all but seven cells (8%) (green circles), 3 M BCTC produced marked increases in temperature threshold (i.e., the temperature for activation decreased). In fact, as already mentioned, in 52% of 3°C (n ϭ 27) . The shift in threshold produced by BCTC was accompanied by a reduction in the amplitude of the [Ca 2ϩ ] i attributable to a decrease in the firing frequency of action potentials (Fig.  4C) . The effects of BCTC on temperature threshold and [Ca 2ϩ ] i elevation were almost fully reversible (Fig. 3B) .
It is noteworthy that BCTC produced these inhibitory effects in CS neurons with widely different initial temperature thresholds, from the innocuous to the noxious range, and including those with very low threshold. As shown in Figure 4 B, the high-threshold cells were much more likely to be silenced by 3 M BCTC than low-threshold CS neurons. In contrast, the few BCTC-insensitive neurons (green circles) were not clustered in any particular threshold temperature range. Figure 4C shows the mean [Ca 2ϩ ] i elevation evoked by cold in trigeminal neurons grouped according to their sensitivity to BCTC. There was a notable variability in the amplitude of cold-evoked [Ca 2ϩ ] i responses in individual cells, without significant difference between the means of the three groups ( p ϭ 0.16, Kruskall-Wallis ANOVA).
Altogether, these results indicate that TRPM8 channels are expressed in the soma of a majority of mouse cultured CS trigeminal neurons and that these channels are critical determinants of their cold temperature threshold.
BCTC eliminates cold-and mentholevoked transduction currents
To examine directly the effects of BCTC on native I cold currents, we performed wholecell recordings on CS trigeminal neurons voltage clamped at a potential of Ϫ60 mV. Figure 5A shows current responses to three consecutive cooling ramps to ϳ18°C from a starting temperature of 35°C. In control solution, cooling induced an inward current that faded rapidly during rewarming. In the presence of 3 M BCTC, the coldinduced inward current was fully blocked, recovering partially during wash. To monitor the characteristics and the reversal potential of the cold-sensitive current in trigeminal neurons, we applied 1-s-duration voltage ramps (Ϫ100 to ϩ100 mV) at different temperatures. As shown in Figure  5B , the native cold-sensitive current reversed close to 0 mV (Ϫ4.0 Ϯ 2.3 mV; n ϭ 4) and had notable outward rectification (I ϩ80 mV /I Ϫ80 mV of 10.6 Ϯ 6.1; n ϭ 4), similar to the properties of I TRPM8 in HEK293 cells. Furthermore, the current blocked by BCTC had similar rectification properties (I ϩ80 mV /I Ϫ80 mV of 7.1 Ϯ 4.0; n ϭ 4; p ϭ 0.65) and identical reversal potential as I cold (V rev of Ϫ4.0 Ϯ 1.8 mV; n ϭ 4; p ϭ 0.99). Only at very positive potentials did both currents deviate, indicating incomplete block of I cold by BCTC at these voltages. These results strongly support the tenet that both currents are carried by the same type of nonselective, cold-sensitive channels, most likely TRPM8.
The bar histogram in Figure 5C summarizes the effects of 1 and 3 M BCTC on the amplitude of native I cold . In 16 of 17 cells tested, 3 M BCTC reduced I cold from 164 Ϯ 31 to 6 Ϯ 2 pA ( p Ͻ 0.001, paired t test). In one neuron, the amplitude of the current was unaffected by 3 M BCTC. We hypothesized that cold-sensitive but BCTC-insensitive neurons may represent a distinct population of thermosensitive neurons lacking TRPM8 expression. To test this possibility, we performed a second calcium imaging screen in cultured TG neurons derived from neonatal animals, looking for cold-sensitive neurons insensitive to 100 M menthol. Only 12 of 203 (6%) were insensitive to the stimulating and/or sensitizing effect of menthol. During patch-clamp recordings, these cells displayed small inward currents during cooling that lacked the increase in membrane noise at low temperatures characteristic of BCTC-sensitive currents (Fig. 5D ). In agreement with our hypothesis, in three of these neurons in which 3 M BCTC was tested, I cold was unaffected by the drug. Figure 5D shows the temperature dependence of the inward current (V h of Ϫ60 mV) in a CS trigeminal neuron. The current had a threshold of 34.5°C, reaching a maximum at ϳ21°C and inactivating partially during the ramp. The mean threshold temperature of I cold was 31.1 Ϯ 0.4°C in trigeminal neurons recorded in control solution (n ϭ 25). In the presence of 1 M BCTC, the cold-evoked inward current was reduced and the threshold shifted to colder temperatures (Fig.  5D) . In six neurons with measurable currents, threshold temperature shifted from 32.9 Ϯ 0.7°C in control to 27.3 Ϯ 1.5°C in 1 M BCTC ( p ϭ 0.012). Finally, in 3 M BCTC, the amplitude of the current was nearly abolished in this cell (Fig. 5D) .
In an additional set of trigeminal CS neurons, the effect of BCTC was tested on currents evoked by 500 M menthol (I menthol) at a temperature of 34 -35°C. In control solution, a brief application of menthol produced a robust inward current (V hold of Ϫ60 mV) (Fig. 5E ). In all cells tested (n ϭ 5), 3 M BCTC produced a complete suppression of I menthol (Fig. 5E ). In this case, reversibility was more variable, in part attributable to a more pronounced desensitization during repeated applications of menthol at high concentration. Thus, these data show that 3 M BCTC also produced a complete blockade of temperaturegated or chemically gated currents in a large fraction of trigeminal cold thermoreceptor neurons.
Effects of BCTC on cold-evoked transduction currents are specific
To rule out the possibility that the effects of BCTC resulted of a nonspecific action on spike generation conductances rather than on cold-evoked transduction currents, we compared the effects of BCTC on current-evoked (500 pA ramp in 1 s) and coldevoked electrogenesis during current-clamp recordings in the same cells. As shown in Figure 6 A, cooling depolarized CS neurons reversibly, with a mean threshold of 30.4. Ϯ 0.4°C (n ϭ 13). The average depolarization was 11.1 Ϯ 0.9 mV (n ϭ 13), and all . BCTC blocks currents induced by cooling and menthol in cold-sensitive trigeminal ganglion neurons. A, Simultaneous recording of membrane current (top trace) and bath temperature (bottom trace) during application of three consecutive cooling ramps to a CS neuron (V hold of Ϫ60 mV). The spike-like currents are the responses to voltage ramps (Ϫ100 to ϩ100 mV). Application of 3 M BCTC fully blocked I cold . The dotted line represents the 0 holding current. B, Current-voltage relationship of the cold-sensitive (blue trace) and BCTC-sensitive (red trace) current obtained during the voltage ramps. To derive the coldsensitive current, the ramp current at 35°C (black dot) was subtracted from the current at 20°C (blue dot). To derive the BCTC-sensitive current, the ramp current at 20°C in BCTC (red dot) was subtracted from the current at 20°C in control solution (blue dot).C, Bar histogram summarizingtheblockofI cold by1and3MBCTC.D,Current-temperaturerelationshipsforadifferentneuronincontrol(bluetrace)and inthepresenceof1M(blacktrace)and3M(redtrace)BCTC.Notethemarkedshiftintemperaturethreshold.E,Simultaneousrecording of membrane current (top trace) and bath temperature (bottom trace) during thermal and chemical (500 M menthol) activation of a CS neuron (V hold of Ϫ60 mV). F, Bar histogram summarizing the block of I menthol by 3 M BCTC.
neurons reached the firing of action potentials at an average threshold of 26.5 Ϯ 0.7°C. In the same population of cells, depolarization by cold in the presence of BCTC was reduced to 4.9 Ϯ 0.9 mV ( p Ͻ 0.001), and only three cells reached AP threshold. The effects of BCTC were reversible. Notably, spiking responses to depolarizing intracellular current pulses were essentially unaffected by BCTC (Fig. 6 B) . Moreover, as shown in Table 1 , 3 M BCTC had no effect on the duration and amplitude of the action potential, input resistance, rheobase, and current-evoked firing frequency of CS neurons.
The specific nature of BCTC blockade on cold-evoked activity was also verified during calcium imaging experiments. Figure 6C shows the effect of 3 M BCTC on [Ca 2ϩ ] i responses evoked by two consecutive cold ramps and two brief applications of elevated extracellular K ϩ (30 mM). Whereas the cold-evoked activity was almost fully suppressed by BCTC, the depolarization-evoked [Ca 2ϩ ] i increase was well preserved. The bar diagrams in Figure  6 D summarize the results obtained in 10 CS neurons using this protocol.
Altogether, these results indicate that the effects of 3 M BCTC are selective and complete on cold transduction currents, with minor blocking effects on voltage-gated ion channels.
BCTC does not block activity of TRPA1 channels
TRPA1 is the second TRP channel postulated to be activated by cold temperatures, with a reported threshold of 18°C . In addition, TRPA1 is activated by a number of pungent compounds, such as cinnamaldehyde, allycin, and mustard oil (Bandell et al., 2004; Jordt et al., 2004) . Unexpectedly, 3 M BCTC produced a robust activation of TRPA1 channels expressed in HEK293 cells (supplemental Fig. 2 Fig. 2C,D , available at www.jneurosci.org as supplemental material). In contrast to the powerful blocking effects on TRPM8 channels, BCTC had no significant blocking effects on TRPA1 activity evoked by application of cinnamaldehyde (supplemental Fig.  2 F, G , available at www.jneurosci.org as supplemental material). The stimulatory actions of BCTC on TRPA1 activity were not apparent on native channels: we never observed [Ca 2ϩ ] i elevations in the soma of cultured sensory neurons or increased firing in corneal nerve terminals with BCTC, even in those activated by cinnamaldehyde (data not shown).
Functional characteristics of coldsensitive corneal thermoreceptor endings
To examine the effects of BCTC on coldevoked activity in sensory nerve terminals, we turned to an in vitro preparation of the guinea pig cornea (Brock et al., 1998) . These types of recordings have been unsuccessful in mice. Therefore, to exclude potential species differences in pharmacological properties of TRPM8 channels, we verified first the effects of BCTC on menthol-and cold-evoked activity in cultured guinea pig trigeminal sensory neurons loaded with fura-2. As shown in Figure  7A -C, menthol responses in cold-sensitive neurons of guinea pig were also fully and reversibly blocked by 3 M BCTC (n ϭ 7; p Ͻ 0.001). Next we investigated the sensitivity of cold-evoked responses to BCTC in 20 guinea pig trigeminal neurons. The findings were qualitatively similar to those obtained in mice in that we identified the same three phenotypes of sensory neurons. In 25%, cold-evoked responses were fully and reversibly blocked by 3 M BCTC (Fig. 7D) . Furthermore, in three of three of these neurons, cold-evoked responses were potentiated by 100 M menthol (Fig.  7D ), suggesting that they are mediated by activation of TRPM8 channels. In 20% of the neurons, cold-evoked [Ca 2ϩ ] i responses were unaffected by BCTC (Fig. 7E) . In this subpopulation (n ϭ 4), menthol produced no activation or potentiation of the coldevoked response, suggesting that it is independent of TRPM8 activity (Fig. 7E) . Finally, in a third group comprising 55% of neurons, the cold-evoked response was partially blocked by BCTC. In five of six cells tested, there was an excitatory effect of menthol. These findings indicate a clear correlation between menthol responsiveness and BCTC blocking action, full or partial, among cold-sensitive neurons. The principal difference with mouse was a larger proportion (20 vs 8%) of cold-sensitive but BCTC-and menthol-insensitive neurons ( p ϭ 0.089, Fisher's exact test). Figure 8 A shows a typical example of the effects of temperature decrease on the occurrence of NTIs in a single CS receptor fiber of the eye cornea recorded extracellularly with a patch pi- pette. These cold receptors were characterized by the spontaneous, regular firing of NTIs at resting temperatures of 34 -36°C and the accelerating increase in firing frequency, often in bursts, when cooling pulses were applied (Fig. 8 B) . Rewarming silenced transiently the receptor terminal discharge, which resumed gradually during the recovery to the initial resting temperature (Fig. 8 A) . Table 2 shows different parameters of NTI frequency discharge at resting temperature, during cooling and during various pharmacological manipulations (see below) in corneal cold thermoreceptor fibers.
Lack of effect of BCTC on spontaneous and cold-evoked activity in corneal sensory terminals
We next tested the effect of perfusing BCTC on NTI activity in 17 corneal terminals. Curiously, the mean spontaneous NTI firing frequency at 35°C was not significantly modified by perfusion with high concentration (10 M) of BCTC ( Fig.  8 A, B) . The mean NTI frequency was 8.5 Ϯ 0.9 Hz in control and 8.6 Ϯ 0.9 Hz in BCTC ( p ϭ 0.8); firing rate was reduced Ͼ20% in only 2 of the 17 terminals, the majority showing a modest increase of 5-10% in rate. Furthermore, effects of BCTC on cold-evoked increases in activity were also very modest in the cornea. In 65% of the terminals (n ϭ 17), BCTC had no effect on NTI discharge, including maximum response, cooling threshold, and temperature required to silence the cold-induced NTI discharge during rewarming (warming threshold) (Fig. 8 A, Table 2 ). The typical burst pattern of NTI discharge during cooling was also unaffected by BCTC (Fig. 8 B) . In the remaining six cold-sensitive endings, the spontaneous activity at 35°C was equally not altered, but the peak frequency value evoked by the cold ramp was reduced between 25 and 50% of the pretreatment values and the mean cold temperature threshold shifted (0.9 Ϯ 0.3°C) to cooler values. The endings exhibiting some degree of sensitivity to BCTC in their response to cooling were undistinguishable from insensitive endings in their mean spontaneous firing frequency, cold threshold temperature, or peak frequency of the cold response before treatment ( Table 2) .
Expression of TRPM8 channels in corneal thermoreceptor nerve endings and effects of BCTC on menthol-evoked NTI activity
The modest effect of BCTC on cold-evoked activity in corneal endings cannot be attributed to the lack of expression of TRPM8 channels. Indeed, application of menthol to the bath solution at 35°C produced a dose-dependent increase in the basal activity in single cold nerve terminals (Fig. 9A) . At a concentration of 5 M, menthol already evoked a significant increase in firing frequency, whereas at 100 M, its application resulted in a robust effect in all of the CS terminals tested (n ϭ 22), with the mean basal frequency more than doubling (Fig. 9 A, B) . The EC 50 of the response to menthol, computed as percentage increase over baseline activity, had a value of 20 M (Fig. 9B ). In addition, menthol produced an increase in the maximal cold-evoked response (Fig.  9C ) and a deviation to warmer temperatures of the threshold temperature required to evoke a cold response (Table 3) . These results strongly suggest that TRPM8 channels are functional in all CS nerve terminals of the cornea. In contrast to the modest inhibition of BCTC on cold-evoked responses in corneal endings, menthol-evoked activity was completely abrogated by BCTC. As shown in Figure 9A , the inhibitory effects of BCTC on menthol-evoked NTI activity were fully reversible. In 17 additional nerve endings tested, exposure of the cornea to 10 M BCTC completely abolished the increase in spontaneous firing, the shift in temperature threshold to cooling pulses, and the enhanced response to cooling evoked by 100 M menthol (Table 3) . After washout of BCTC, the typical potentiating effects of menthol on cold-evoked activity were apparent (Fig. 9C) . Figure 9D summarizes the effects of BCTC on coldevoked responses in control solution and in the presence of menthol. It is evident that BCTC prevents the sensitizing effects of menthol on the terminal. In addition, this result indicates that the insensitivity of the terminals to BCTC effects during cooling is not attributable to a poor access of the drug or a different pharmacological profile of the receptor at the endings. ] i responses to cooling in a CS trigeminal sensory neurons in control solution, in the presence of 3 M BCTC, and after washout. After a brief interruption, a fourth cooling ramp was applied in the presence of 100 M menthol. E, Ratiometric [Ca 2ϩ ] i responses to cooling in a CS trigeminal sensory neurons in control solution, in the presence of 3 M BCTC, and after washout. Note the lack of effect of BCTC and the lack of response to 100 M menthol.
Modest effect of SKF96365 on spontaneous and cold-evoked activity in corneal sensory terminals SKF96365 is another drug with blocking actions on several TRP channels (Clapham et al., 2005; Wang and Poo, 2005) , including cold-sensitive currents in primary sensory neurons (Reid et al., 2002) . On rat recombinant TRPM8 channels, we found an inhibition of I cold by SKF96365, with an EC 50 of 0.8 Ϯ 0.1 M at ϩ80 mV (our unpublished data), indicating that SKF96365 is also a potent blocker of TRPM8 channels. Therefore, we tested the effects of SKF96365 on NTI activity during cooling and menthol application in an additional set of 10 corneal terminals. These results are summarized in Table 4 . Qualitatively, the findings were nearly identical to those obtained with BCTC. In 7 of the 10 terminals, application of 20 M SKF96365 produced no effect on the spontaneous or cold-evoked activity. A representative example is shown in Figure 10 A. In the remaining three terminals, we observed modest but significant reductions in spontaneous and cold-evoked activity but no shifts in cooling or warming threshold (Table 4) . A summary of mean effects of SKF96365 on normalized peak cold response is shown in Figure 10 B. In contrast, and in full agreement with results obtained with BCTC, the enhancement in activity produced by 100 M menthol at baseline temperature (ϳ32°C) was fully blocked by 20 M SKF96365 (Fig.  10C) . A summary of effects of SKF96365 on normalized menthol-evoked response is shown in Figure 10 D for 10 corneal terminals.
BCTC does not affect 4-AP-induced cold sensitivity
Micromolar doses of 4-AP can render cold sensitive a large fraction of trigeminal sensory neurons by a mechanism that appears to be independent of TRPM8 expression (Viana et al., 2002) . Indeed, as shown in supplemental Figure 3 (available at www. jneurosci.org as supplemental material), this subpopulation of sensory neurons remained insensitive to cold, even if cooling was applied in the presence of 100 M menthol (n ϭ 27). In the absence of 4-AP, the amplitude of cold-evoked signals [Ca 2ϩ ] i in these neurons was Ϫ4.1 Ϯ 1.2 nM. We asked whether BCTC could affect the 4-AP-induced cold sensitivity of this class of neurons. Thus, after turning these neurons cold sensitive by treatment with 4-AP (75 M), we tested the effects of 3 M BCTC on cold-evoked [Ca 2ϩ ] i signals. As shown in supplemental Figure  3D (available at www.jneurosci.org as supplemental material), 3 M BCTC had no effect on the amplitude of cold-evoked responses: the [Ca 2ϩ ] i increase was 283 Ϯ 46 nM in the presence of 4-AP and 301 Ϯ 59 nM in 4-AP plus BCTC ( p Ͼ 0.9; n ϭ 28). Temperature thresholds were also unaffected, with mean values of 27.5 Ϯ 0.6 and 28.0 Ϯ 0.6°C in the absence and presence of BCTC, respectively ( p Ͼ 0.4; n ϭ 28). These results indicate that effects of BCTC on cold sensitivity appear to be highly selective for neurons expressing TRPM8 channels in their membrane.
Discussion
In the present study, we explored the contribution of TRPM8 channels to cold sensing in trigeminal ganglion neurons and in corneal receptor endings. First, we characterized the blocking effects of BCTC on cold-and menthol-activated currents in recombinant TRPM8 channels. Subsequently, we used BCTC to probe native TRPM8 channels in the soma and endings of cold thermoreceptors. The results obtained with BCTC were validated with SKF96365, a broader-spectrum TRP channel blocker. We reach the 
Specific effects of BCTC on TRPM8 channels
The conclusions of this study are critically dependent on the postulate that BCTC effects on cold sensing are attributable to a specific blockade of TRPM8 channels. This view is supported by several independent pieces of evidence. BCTC was identified as a potent and selective blocker of TRPV1 channels (Valenzano et al., 2003) . Subsequent work showed that BCTC is also a full blocker of menthol-evoked responses in mouse (Behrendt et al., 2004) and human (Weil et al., 2005) TRPM8 channels. We confirmed the effects of BCTC on menthol-evoked signals in mouse and guinea pig TRPM8 channels and extended these results to cold-evoked currents. According to the present data, BCTC is the most potent blocker of TRPM8 channels reported to date. Other TRPV1 blockers, such as capsazepine, also block TRPM8 channels, albeit less potently (Reid et al., 2002; Behrendt et al., 2004; Weil et al., 2005) , suggesting a partial overlap in ligand actions on these two TRP channels. The blocking action of BCTC on TRPV1 channels should not affect our interpretation because their threshold temperature (ϳ42°C) (Caterina et al., 1997) is much higher than the temperatures reached during our stimulation protocol.
In an extensive screen of BCTC effects on ion channels and receptors performed by Valenzano et al. (2003) , BCTC proved to be a highly specific TRPV1 antagonist (actions on TRPM8 were not tested in that study). Furthermore, BCTC does not block agonist-evoked (␣-phorbol 12,12-didecanoate) [Ca 2ϩ ] i signals in TRPV4-transfected cells (Behrendt et al., 2004) . Additionally, we show that BCTC has minimal effects on the intrinsic excitability and action potential parameters of CS trigeminal ganglion neurons and nerve terminals. Finally, in our experiments, cold sensitivity depending on the activation of ion channels other than TRPM8 was completely unaffected by BCTC. In summary, the specificity and reversibility of BCTC blockade of certain thermoTRP channels (i.e., TRPV1 and TRPM8) make this drug a very useful tool to analyze their role in temperature transduction and nociception.
The molecular mechanism of action of BCTC still needs to be fully identified. BCTC produces an apparent dose-dependent shift in temperature activation threshold of menthol-and coldevoked currents. At neutral pH, the ionization of BCTC is very low (with an estimated ratio between charged vs neutral forms Ͻ0.0002). This suggests that the apparent voltage dependence of TRPM8 block is not attributable to a direct interaction of BCTC with charged particles within the membrane electric field.
Contribution of TRPM8 to cold sensing in the soma of cultured primary sensory neurons BCTC produced a powerful inhibition of cold-evoked responses in the soma of the majority (Ͼ90%) of mouse CS trigeminal ganglion neurons in culture, and this inhibition was specific to the TRPM8 ϩ subpopulation of neurons. This percentage appeared to be somewhat lower in guinea pigs. The inhibition by BCTC of the response to cooling was manifested even in the case of neurons activated by very small temperature decreases (i.e., low-threshold cold thermoreceptors). This strongly suggests that the functional operating range of native TRPM8 channels in CS neurons is far warmer (i.e., they have a lower threshold) than inferred by measurements obtained in expression studies (for review, see McKemy, 2005; Reid, 2005) , spanning the entire physiological temperature range of native cold receptors (Hensel, 1981) . Recently, we showed that the temperature threshold of menthol-and cold-sensitive, TRPM8
ϩ cultured trigeminal ganglion neurons was much lower than that of hippocampal neurons transiently transfected with recombinant TRPM8 channels (de la Pena et al., 2005) and hypothesized that TRPM8 channels could be modulated intrinsically to shift their activation threshold. Thus far, very little is known about sensitizing agents of native TRPM8 channels.
Elevated intracellular phosphatidylinositol-4, 5-biphosphate levels increase the amplitude of TRPM8 currents in transfected cells (Liu and Qin, 2005; Rohacs et al., 2005) . Also, acute application of nerve growth factor to DRG neurons shifts their cold thresholds to warmer values (Reid et al., 2002) . Another modulatory mechanism of TRPM8 channels is their PKC-dependent phosphorylation state (Premkumar et al., 2005) .
Nonessential role of TRPM8 channels in cold-sensitive nerve terminals of the cornea The basal activity of cold thermoreceptor fibers has been attributed to a rhythmic oscillation of membrane potential in their endings that generates repetitive firing of action potentials (Braun et al., 1980) . The identification of TRPM8 as a thermosensitive channel expressed by cold-and menthol-sensitive primary sensory neurons led to the proposal that cooling increases the opening probability of TRPM8, thus generating a depolarizing inward current that augments the firing frequency of cold thermoreceptor terminals (for review, see McKemy, 2005; Reid, 2005) .
Our work in the isolated cornea confirms previous studies showing that this tissue is innervated by cold-and mentholsensitive sensory fibers (Gallar et al., 1993; Brock et al., 2001; Acosta et al., 2001; Carr et al., 2003) that exhibit rhythmic ongoing activity and response characteristics typical of innocuous cold receptor fibers previously described in the trigeminal territory (Hensel and Wurster, 1970; Schafer et al., 1988) . BCTC did not affect the spontaneous activity of corneal cold receptor endings. The inhibitory effects of SKF96365 were also very modest. Such static discharge encodes the absolute temperature of the exposed surface (Carr et al., 2003) . Therefore, our data indicate that TRPM8 channels present in the endings are not responsible for their background impulse activity, suggesting that activity in the basal oscillator is essentially independent of TRPM8 channels. Cold-sensitive neurons have a strong expression of other inward currents that could play a role in spontaneous firing, including pacemaker channels of the HCN family and low-threshold calcium channels (Viana et al., 2002) .
In approximately two-thirds of the corneal cold receptor end- For each terminal, cold-evoked activity has been normalized to the mean frequency at static temperature (32-34°C) before application of SKF96365. The drug did not produce a significant inhibition of the cold-evoked response. C, Application of 20 M SKF96365 blocks reversibly the enhancement in NTI activity produced by 100 M menthol at a baseline temperature of 34°C. D, Summary histogram of effects of 20 M SKF96365 on menthol-evoked activity (n ϭ 10). For each terminal, menthol-evoked activity has been normalized to the mean frequency at static temperature (32-34°C) in control solution, before application of SKF96365. The drug produce a highly significant inhibition of the menthol-evoked response (**p Ͻ 0.001).
ings, increases in NTI firing frequency evoked by cooling pulses were not modified by saturating concentrations of BCTC or SKF96365. In the remaining endings, both drugs caused a very modest reduction of the peak firing frequency evoked by cooling. In contrast, the strong stimulating effect of menthol on NTI discharges, observed in all cold receptor endings of the cornea, was fully blocked by BCTC and SKF96365. This indicates first that the endings express TRPM8 channels that are fully accessible to the drug and also that these channels play at best a minor role in the generation of the augmented impulse discharges evoked by mild temperature reductions. It is unlikely that the resistance of guinea pig cold-sensitive terminals to blockade by BCTC can be attributed to species differences in the pharmacological profile of TRPM8 channels. Menthol-evoked responses in cold-sensitive neurons were abrogated by even lower concentrations of BCTC, also in guinea pigs. Furthermore, all cold-sensitive endings in the cornea are excited by menthol, and this sensitivity is also fully blocked by BCTC and SKF96365, strongly suggesting that TRPM8 activity in the terminals is also abrogated. Remarkably, nearly all BCTC-insensitive neurons were also insensitive to menthol, strongly suggesting the presence of a TRPM8-independent cold-sensing mechanism. Thus, the most parsimonious explanation of our results is that, in the corneal terminals, other molecular cold sensors coexpress with TRPM8, operating in the same temperature range and overlapping in function. Several background K ϩ channels are extremely temperature sensitive, are functional in the same temperature range, and are expressed in sensory neurons, making them obvious candidates to function as additional cold sensors (Maingret et al., 2000; Viana et al., 2002; Kang et al., 2005) .
We consider an alternative explanation for the low sensitivity of cold-sensitive corneal terminals to the blocking actions of BCTC and SKF96365. Native TRPM8 channels in the terminal may occur in a molecular configuration that renders them highly temperature sensitive but resistant to pharmacological blockade. The existence of splice variants with different functional properties has already been reported for other thermoTRP channels in trigeminal neurons (Lu et al., 2005) . These alternative explanations can only be addressed with other experimental paradigms, such as the analysis of TRPM8 knock-out mice, specially those lines with spatially restricted and/or temporally conditioned gene inactivation. According to our first hypothesis (coexpression of molecular cold sensors), these animals would show functional deficits in peripheral cold sensing much milder than predicted from results derived from cultured cells, whereas the alternative hypothesis predicts a full inhibition at terminals as well.
Role of TRPM8 channels in cold transduction
We find that TRPM8 is expressed in CS neurons across the entire spectrum of temperature thresholds, including those into the noxious range. The low-threshold neurons were less likely to be silenced by BCTC, suggesting the presence of an additional population of temperature-sensitive channels in the soma of these neurons. The expression of TRPM8 channels in higher-threshold neurons is consistent with several psychophysical studies suggesting that TRPM8 channels may play a role in human cold nociception. Thus, acute application of menthol to the skin or mucosae can produce a painful sensation in addition to a cold sensation (Cliff and Green, 1994; Acosta et al., 2001; Wasner et al., 2004; Namer et al., 2005) . In addition, a large percentage of sensory neurons have a dual response to TRPV1 and TRPM8 agonists ( In summary, our results show that the peripheral receptor endings of CS neurons contain TRPM8 channels but that inhibition of these channels does not impair significantly their capacity to transduce or encode cold stimuli. A similar paradox between effects of ion-channel disruption at the level of soma and terminals for temperature sensitivity is also apparent for another thermoTRP. In studies with TRPV1 null mice, deficits in heat sensitivity are only apparent in the soma of cultured sensory neurons (Caterina et al., 2000; Davis et al., 2000) , in contrast to the persistence of normal heat responses in afferent C-fibers in skinnerve preparations (Woodbury et al., 2004; Zimmermann et al., 2005) , and the lack of differences in behavioral tests of acute thermal nociception between wild-type and TRPV1 Ϫ/Ϫ animals (Caterina et al., 2000; Davis et al., 2000; Almasi et al., 2003) .
As pointed out by Gerald Edelman, "multiple genes contribute in an overlapping manner to the construction of each phenotypic feature undergoing selection" (Edelman and Gally, 2001 ). Thermal sensing is a conserved attribute of all animal species, playing an essential role in their behavior, and must be under strong evolutionary pressure. Thus, from an evolutionary perspective, it is understandable and meaningful to have an overlapping functional role of various thermosensitive channels in individual peripheral thermoreceptors as suggested by our findings.
